Neural adaptations in the nucleus accumbens (NAc), a key component of the mesolimbic dopamine (DA) system, are thought to mediate several of the long-term behavioral sequelas of chronic in vivo exposure to drugs of abuse. Here, we examine whether the modulation of excitatory synaptic transmission by DA in the NAc shell is modified after chronic cocaine exposure that induced behavioral sensitization. The DAinduced inhibition of AMPA receptor-mediated synaptic responses was enhanced in cocaine-treated mice, an effect that was caused by activation of D1-like receptors. DA did not enhance NMDA receptor-mediated synaptic responses in saline-and cocaine-treated mice or in the dorsal striatum of control mice. We hypothesize that the enhanced inhibitory effects of DA on synaptic transmission in the NAc are one of a number of adaptations that contribute to a decrease in excitatory drive to NAc after exposure to drugs of abuse. The reinforcing effects of drugs of abuse are thought to be mediated in part by the release of dopamine (DA) in the mesolimbic dopaminergic pathway, which projects from A10 dopaminergic cell bodies within the ventral tegmental area to the nucleus accumbens (NAc) (Wise, 1998) . Thus, critical questions for understanding the neural mechanisms responsible for mediating the behavioral effects of drugs of abuse include (1) what are the effects of DA on synaptic transmission in the NAc and (2) how are these effects modified by chronic in vivo exposure to drugs of abuse? GABAergic medium spiny neurons are the major cell type in the NAc and receive glutamatergic inputs from cortical and subcortical limbic areas, including the hippocampus, prefrontal cortex, and amygdala (Groenewegen et al., 1999; Nicola et al., 2000) . Because these cells display very negative resting potentials (Higashi et al., 1989; Uchimura and North, 1991) , they are highly dependent on these excitatory inputs to generate their outputs. DA, as well as psychostimulants such as amphetamine, depresses synaptic transmission at these excitatory synapses via activation of a D1-like receptor, although the exact mechanism by which this occurs is contentious (Higashi et al., 1989; Pennartz et al., 1992; Lacey, 1996, 1997; Nicola et al., 1996; Nicola and Malenka, 1997) . Here, we examine how the modulation of excitatory synaptic transmission in the NAc by DA is modified after chronic in vivo cocaine administration sufficient to elicit behavioral sensitization, a prominent animal model for certain core features of addiction (Robinson and Berridge, 1993; Wolf, 1998; Vanderschuren and Kalivas, 2000) .
The reinforcing effects of drugs of abuse are thought to be mediated in part by the release of dopamine (DA) in the mesolimbic dopaminergic pathway, which projects from A10 dopaminergic cell bodies within the ventral tegmental area to the nucleus accumbens (NAc) (Wise, 1998) . Thus, critical questions for understanding the neural mechanisms responsible for mediating the behavioral effects of drugs of abuse include (1) what are the effects of DA on synaptic transmission in the NAc and (2) how are these effects modified by chronic in vivo exposure to drugs of abuse? GABAergic medium spiny neurons are the major cell type in the NAc and receive glutamatergic inputs from cortical and subcortical limbic areas, including the hippocampus, prefrontal cortex, and amygdala (Groenewegen et al., 1999; Nicola et al., 2000) . Because these cells display very negative resting potentials (Higashi et al., 1989; Uchimura and North, 1991) , they are highly dependent on these excitatory inputs to generate their outputs. DA, as well as psychostimulants such as amphetamine, depresses synaptic transmission at these excitatory synapses via activation of a D1-like receptor, although the exact mechanism by which this occurs is contentious (Higashi et al., 1989; Pennartz et al., 1992; Lacey, 1996, 1997; Nicola et al., 1996; Nicola and Malenka, 1997) . Here, we examine how the modulation of excitatory synaptic transmission in the NAc by DA is modified after chronic in vivo cocaine administration sufficient to elicit behavioral sensitization, a prominent animal model for certain core features of addiction (Robinson and Berridge, 1993; Wolf, 1998; Vanderschuren and Kalivas, 2000) .
MATERIALS AND METHODS
Treatment reg imen and locomotor activit y. Male C57BL /6 mice (22 d) were given intraperitoneal injections of either saline (0.9% NaC l) or saline with cocaine (15 mg / kg). Immediately after each injection, horizontal locomotor activity was monitored in open-field chambers (Med Associates Inc., St. Albans, V T) for 15 min. After an initial 2 d of receiving only saline injections, mice were randomly divided into groups that received five daily injections of either cocaine or saline. After 10 -14 d without injections, both groups received cocaine injections, and locomotor activity was assessed. Brain slices were prepared from these animals on the following day. Some of these animals (10 of 31 saline animals; 10 of 43 cocaine animals) were included in our previous study on behavioral sensitization (Thomas et al., 2001) .
Electrophysiolog y. Sagittal slices of the NAc (200 -250 m) were prepared as described previously (Thomas et al., 2001) . After a 1 hr recovery period, slices were placed in a submersion-type recording chamber and perf used (1.5-2 ml /min) at room temperature with a bicarbonatebuffered solution (artificial C SF) saturated with 95% O 2 /5% C O 2 and containing (in mM): 119 NaC l, 2.5 KC l, 1 NaH 2 PO 4 , 1.3 MgC l 2 , 2.5 CaCl 2 , 26.2 NaHC O 3, 11 glucose, and 0.1 picrotoxin.
C ells were visualized with an upright microscope (Z eiss, Thornwood, N Y), and whole-cell voltage-clamp recordings were made using an Axopatch 1D amplifier (Axon Instruments, Foster C ity, CA). Electrodes (5-8 M⍀) contained (in mM): 117 cesium gluconate, 2.8 NaC l, 20 H EPES, 0.4 EGTA, 5 TEA-C l, 2.5 MgATP, and 0.25 MgGTP, pH 7.2-7.4 (285-295 mOsm). Field potential recordings were made using pipettes filled with 1 M NaC l. For perforated-patch experiments, amphotericin B (30 mg /ml) dissolved in DMSO was added to internal solution (0.02-0.03% final concentration) containing (in mM): 110 cesium gluconate, 2.8 NaC l, 20 H EPES, 0.4 EGTA, 5 TEA-C l, and 20 C sC l. E xperiments were begun only after series resistance had stabilized. Medium spiny neurons were identified by their morphology and high resting membrane potential (Ϫ75 to Ϫ85 mV) as monitored at break-in.
Stainless steel bipolar microelectrodes were placed at the prelimbic cortex-NAc border to stimulate afferents, preferentially from the prelimbic cortex at a baseline frequency of 0.1 Hz. Neurons were voltage clamped at a membrane potential of Ϫ80 mV. Series and input resistances were determined with each afferent stimulus and were monitored for stability throughout each experiment. Data were filtered at 2 kHz, digitized at 5 kHz, and collected on-line using custom software (Igor Pro; Wavemetrics, Lake Oswego, OR). Evoked response amplitudes were calculated by taking the mean of a 1 msec window around the peak and comparing this with the mean of an 8 msec window immediately before the stimulation artifact. To simultaneously monitor AM PA receptor (AM PAR) and NMDA receptor (NMDAR) EPSC s, cells were rapidly depolarized to ϩ40 mV and held for 1-3 min before beginning afferent stimulation to allow voltage-dependent conductances to inactivate completely. AM PAR EPSC s were measured on the rising phase of the EPSC s at a time point that was minimally affected (Ͻ10%) by application of D-APV, on average 6.1 msec (n ϭ 32) after the simulation artifact (see Fig. 4 A) . The NMDAR EPSC was measured 250 msec after the stimulation artifact, a time at which there was no AM PAR-mediated component. AM PAR / NMDAR ratios were calculated by averaging 10 -20 consecutive responses immediately before or at the end of DA application and making measurements as described above. The data in Figure 2 were collected and analyzed in a blind manner. Results are presented as mean Ϯ SEM. Statistical significance was assessed using two-tailed Student's t tests. Traces in figures have had stimulus artifacts removed and are the average of 10 -20 consecutive responses.
Drugs. All drugs were purchased from Sigma-RBI (St. L ouis, MO) except cocaine hydrochloride (Stanford Health Services Pharmacy, Palo Alto, CA) and D-APV (Tocris Cookson, Ballwin, MO). Stock solutions of dopamine hydrochloride, -12909) , and cocaine hydrochloride were made in water and applied through the superf usion medium. Sodium metabisulfite (final concentration, 50 M) was added to the dopamine solution. Cocaine for in vivo injections was dissolved in NaC l (0.9%).
RESULTS

Long-lasting locomotor sensitization to cocaine in mice
To induce behavioral sensitization, we paired repeated cocaine injections with exposure of the animals to a distinct test environment. After 2 d of saline injections to habituate the animals to the activity box, the locomotor response to a fixed dose of cocaine (15 mg/kg) increased dramatically across days of testing ( Fig. 1 ) (day 3 distance traveled: saline, 463.5 Ϯ 31.1 cm, n ϭ 31; cocaine, 1329.5 Ϯ 111.1 cm, n ϭ 43; day 7 distance traveled: saline, 484.6 Ϯ 54.8 cm, n ϭ 31; cocaine, 3843.9 Ϯ 185.5 cm, n ϭ 43; p Ͻ 0.0001). To test whether this procedure produced long-lasting locomotor sensitization, we administered a challenge dose of cocaine to both saline-and cocaine-treated groups 10 -14 d after the last dose of the initial treatment regimen. Mice pretreated with cocaine showed a much greater locomotor response to cocaine than did saline-pretreated animals ( Fig. 1) (cocaine, 4384.9 Ϯ 212.8 cm, n ϭ 43; saline, 1535.3 Ϯ 159.1 cm, n ϭ 31; p Ͻ 0.0001). These results indicate that the initial 5 d exposure to cocaine caused behavioral sensitization that lasted for Ն2 weeks.
Increased inhibition of excitatory synaptic transmission by dopamine in sensitized mice
The NAc is commonly divided into two components, the shell and the core, which can be distinguished both anatomically and functionally (Zahm, 1999) . Previous work found modification of excitatory synaptic transmission after chronic cocaine treatment in the shell but not in the core of the NAc (Thomas et al., 2001) . Therefore, all recordings were made in the NAc shell. In initial experiments, we used whole-cell recordings to monitor AMPARmediated EPSCs (AMPAR EPSCs) and applied a concentration of DA (75 M) that reliably elicits a depression of synaptic transmission in the NAc (Nicola et al., 1996) . We found that there was no difference between slices from saline-and cocaine-treated mice at the end of the 10 min DA application ( Fig. 2 A,D) (cocaine, Ϫ26.9 Ϯ 4% change from initial baseline, n ϭ 12; saline, Ϫ25.8 Ϯ 3.7%, n ϭ 12; p Ͼ 0.05). However, the effect of DA washed out much more slowly in the cocaine group (Fig. 2 A) (between 5 and 11 min after washout: cocaine, Ϫ13.7 Ϯ 4.8%, n ϭ 12; saline, 1.7 Ϯ 4%, n ϭ 12; p Ͻ 0.05). Because slices are exposed to concentrations of DA Ͻ75 M during the washout, this difference in washout rate may reflect the fact that lower concentrations of DA had a greater effect in cocaine-treated mice. To test this possibility, we applied a lower concentration of DA (20 M) that had a minimal effect on slices from saline-treated mice (Fig.  2 B-D ) (Ϫ3.9 Ϯ 4.5%, n ϭ 9). In contrast, this same concentration of DA caused a significant depression of synaptic transmission in slices from cocaine-treated animals ( Fig. 2 B-D ) (Ϫ19.9 Ϯ 4.9%, n ϭ 10, p Ͻ 0.05). These results indicate that the chronic in vivo cocaine treatment enhanced the inhibitory actions of DA on excitatory synaptic transmission in the NAc shell.
Synaptic actions of DA in cocaine-treated mice are caused by D1-like receptors DA receptors are commonly subdivided into two classes: (1) D1-like receptors (D1 and D5) and (2) D2-like receptors (D2, D3, and D4) (Sibley and Monsma, 1992; Civelli et al., 1993; Jarvie and Caron, 1993) . The inhibition of excitatory synaptic transmission by DA in the NAc appears to be mediated primarily by a D1-like receptor (Higashi et al., 1989; Pennartz et al., 1992; Nicola et al., 1996) . To address whether D1-like receptors also mediate the synaptic actions of DA after in vivo cocaine treatment, we made extracellular field potential recordings (fEPSPs) and tested the ability of the specific D1 receptor antagonist SCH-23390 (10 M) to antagonize the inhibitory actions of DA (20 M). As observed using whole-cell recordings, the inhibition of fEPSPs by DA was greater in slices from the cocaine treatment group (Fig. 3A) (cocaine, Ϫ17.8 Ϯ 2.1%, n ϭ 28; saline, Ϫ5.4 Ϯ 2.2%, n ϭ 11; p Ͻ 0.01). This depressant action of DA in the cocaine group was significantly reduced by SCH-23390 (Fig. 3B ) (first DA application, Ϫ25.5 Ϯ 4.9%; second application in the presence of SCH-23390, Ϫ8.5 Ϯ 3.5%; n ϭ 6; p Ͻ 0.05), indicating that as is the case in untreated animals (Higashi et al., 1989; Pennartz et al., 1992; Nicola et al., 1996) , this action of DA is mediated in large part by D1-like receptors that presynaptically depress glutamate release (Nicola et al., 1996 (Nicola et al., , 2000 Nicola and Malenka, 1997) .
The enhanced inhibition of excitatory transmission by DA in Figure 1 . Repeated cocaine administration induces behavioral sensitization. Mean Ϯ SEM acute locomotor activity in response to saline and cocaine injections is shown. Locomotor activity was monitored for 15 min immediately after each injection.
the cocaine-treated group could be explained by some modification of the D1-like DA receptors (e.g., increase in receptor number and/or function) or by a change in the DA transporters (DATs) that might influence the effective concentration of DA when it is applied to the slices (e.g., decrease in DAT number and/or function). To help distinguish between these possibilities, we examined whether the selective DAT inhibitor GBR-12909 (300 nM) enhanced the synaptic actions of DA. If it did, it would suggest that the level of DAT activity in our slices could limit the effective concentration of DA. However, in saline-treated mice, GBR-12909 (300 nM) did not significantly affect the synaptic depression elicited by DA (30 M; n ϭ 4; data not shown). These results indicate that DATs do not influence the effective concentration of exogenous DA achieved in the slices. Therefore, it is very unlikely that the enhanced inhibition of excitatory synaptic transmission by DA in cocaine-treated mice is caused by a reduction in DAT number and/or function.
Lack of a postsynaptic effect of DA on NMDAR-mediated EPSCs
It has been suggested that the inhibitory effects of D1 receptor activation in the NAc are the consequence of a DA-induced enhancement of NMDAR-mediated responses (Harvey and Lacey, 1997) , an action of DA that has also been reported to occur in the dorsal striatum (Cepeda et al., 1993; Levine et al., 1996) . To determine whether DA modulation of NMDARmediated responses is affected by chronic in vivo cocaine treatment, we simultaneously measured the effect of DA on NMDARand AMPAR-mediated EPSCs by holding the cell at ϩ40 mV (Fig. 4 A) (see Materials and Methods). If DA, via a postsynaptic action, potentiates NMDAR-mediated EPSCs (NMDAR EPSCs) but not AMPAR EPSCs, then the presynaptic DA-induced depression of NMDAR EPSCs should be less than that for AMPAR EPSCs, and the ratio of AMPAR-to NMDAR-mediated synaptic currents should decrease during DA application. If DA has no postsynaptic effect, the AMPAR/NMDAR ratio should remain constant throughout the experiment. In slices from saline-treated mice, DA (75 M) depressed AMPAR-and NMDAR-mediated responses to the same degree (Fig. 4 B) (AMPAR, Ϫ33.7 Ϯ 7.6%; NMDAR, Ϫ44.8 Ϯ 5.4%; n ϭ 8; p Ͼ 0.05), as reflected by the lack of change in the AMPAR/NMDAR ratio in the presence of DA (Fig. 4 E) (control, 2.9 Ϯ 0.56; DA, 3.31 Ϯ 0.69; n ϭ 8; p Ͼ 0.05). We then repeated the same experiments in cocaine-treated mice to see whether this might reveal an effect of DA on NMDARmediated responses. Again, the depressant action of DA on AMPAR-and NMDAR-mediated EPSCs was not significantly different (Fig. 4 B) (AMPAR, Ϫ28.5 Ϯ 5.4%; NMDAR, Ϫ38.1 Ϯ 3.6%; n ϭ 15; p Ͼ 0.05), and no change in the AMPAR/NMDAR ratio was induced by DA (Fig. 4 E) (control, 3.25 Ϯ 0.47; DA, 3.68 Ϯ 0.53; n ϭ 15; p Ͼ 0.05).
Although the previous work in the NAc also used standard whole-cell recording techniques (Harvey and Lacey, 1997) , we were concerned that the lack of effect of DA on NMDAR EPSCs may be caused by dialysis, so-called washout of some intracellular components that are necessary for the postsynaptic effects of DA. Therefore, we repeated the same experiment in slices from control mice using perforated-patch recording techniques. Again, the inhibition of AMPAR-and NMDAR-mediated EPSCs induced by DA (100 M) was similar (Fig. 4C) (AMPAR, Ϫ26.8 Ϯ 12.6%; NMDAR, Ϫ19.7 Ϯ 16.3%; n ϭ 5; p Ͼ 0.05), and, thus, there was no effect on the AMPAR/NMDAR ratio (Fig. 4 E) (control, 2.18 Ϯ 0.2; DA, 2.16 Ϯ 0.29; n ϭ 5; p Ͼ 0.05). In a final attempt to determine whether DA potentiates NMDAR EPSCs, we tested its effects in the dorsal striatum, an area of the brain in which DA does not have a presynaptic action (Calabresi et al., 1987 (Calabresi et al., , 1995 Nicola and Malenka, 1998) . Consistent with these previous results, DA (30 -75 M) did not affect AMPAR EPSCs (Fig. 4 D) (Ϫ5.5 Ϯ 3.8%; n ϭ 4). However, it also did not affect NMDAR EPSC s (Fig. 4 D) (Ϫ5.9 Ϯ 2.9%; n ϭ 4) or the AM PAR / NMDAR ratio (Fig. 4 E) (control, 1.73 Ϯ 0.35; DA, 1.77 Ϯ 0.42; n ϭ 4; p Ͼ 0.05). Thus, we were unable to observe any postsynaptic effect of DA on NMDAR-mediated synaptic responses in either the NAc or the dorsal striatum.
DISCUSSION
A prominent rodent model for some key features of addiction is the long-lasting increase in the acute drug-induced locomotor response after repeated exposure to psychostimulants (Robinson and Berridge, 1993; Wolf, 1998; Vanderschuren and Kalivas, 2000) . This increased response, termed behavioral sensitization, is thought to reflect modifications in the mesolimbic DA system, especially in dopaminergic and glutamatergic synaptic transmission (Wolf, 1998; Vanderschuren and Kalivas, 2000) . In a previous study, we examined basal excitatory synaptic transmission in the NAc during behavioral sensitization and found that chronic in vivo cocaine exposure caused a long-lasting depression of synaptic strength in the NAc shell (Thomas et al., 2001 ). Here, we examine whether this same treatment protocol affects the modulation of excitatory synaptic transmission by DA. This is of particular interest because chronic psychostimulant administration appears to enhance DA release in the NAc in response to subsequent challenge injections of drug, an effect that is observed even after relatively long periods of abstinence after the initial psychostimulant administration (Robinson et al., 1988; Kalivas and Duff y, 1993; Pierce and Kalivas, 1995; White and Kalivas, 1998) .
We find that the presynaptic inhibitory action of DA is enhanced in cocaine-sensitized animals, and that this effect is mediated by a D1-like receptor, as found previously in control animals (Pennartz et al., 1992; Nicola et al., 1996; but see O'Donnell and Grace, 1994) . The lack of effect of GBR-12909, a DAT inhibitor, on the synaptic action of DA indicates that enhancement of the presynaptic effect of DA is probably not attributable to some downregulation of DAT activity. Instead, the change appears to be caused by a modification in the number and/or function of the presynaptic D1-like receptors. Consistent with this hypothesis is the finding that chronic cocaine administration increases the inhibitory action of D1 agonists on the single-unit responses of NAc neurons (Henry and White, 1991) , and that an enhancement of the presynaptic effects of DA has also been reported after chronic treatment with methamphetamine (Higashi et al., 1989) .
Because DA has been reported to enhance NMDARmediated responses in both the NAc (Harvey and Lacey, 1997) and the dorsal striatum (C epeda et al., 1993; Levine et al., 1996) , we also examined whether this action of DA is modified by chronic in vivo cocaine exposure. Surprisingly, however, we saw no effect of DA on NMDAR EPSC s in either control or sensitized mice, even when perforated-patch recording techniques were used. Furthermore, we saw no effect of DA on AM PAR or NMDAR EPSC s in the dorsal striatum. In addition to species differences (mice vs rats), one important difference between our experiments and previous ones is that we monitored the NMDAR EPSC at ϩ40 mV, a holding potential at which all voltage-dependent conductances are inactivated. If the enhancement of NMDAR-mediated responses observed in previous work was caused by a modulation of such conductances by DA, under our recording conditions, we would not expect to see any effect. Indeed, DA modulates a number of different voltage-dependent conductances in striatal cells (Nicola et al., 2000) , and blockade of L -type C a 2ϩ channels eliminates the DA-induced enhancement of N M DA Rmediated responses in dorsal striatal cells (C epeda et al., 1998) . Therefore, we conclude that DA does not directly modulate NMDAR f unction in medium spiny neurons in either the NAc or dorsal striatum, although via modulation of voltagedependent conductances, DA may have important indirect effects on NMDAR-mediated currents. Because we did not examine and compare isolated NMDAR EPSC s, we cannot state whether the cocaine exposure modified the properties of NMDARs, as has been observed with chronic morphine treatment (Martin et al., 1999) ; e.g., dramatic cocaine-induced changes in the kinetics of the AM PAR EPSC or NMDAR EPSC might obscure a direct postsynaptic effect of DA on NMDAR EPSC s. It is also conceivable that the strong depolarization of the cells caused them to release some substance that obscured this effect of DA. However, to account for our results, such an action must have lasted Ͼ10 min, because we routinely obtained a minimum of a 10 min baseline before applying DA.
The functional significance of the enhancement of the inhibitory synaptic actions of DA in the NAc shell after chronic in vivo cocaine exposure remains to be determined. We would suggest it is likely one of a number of modifications of synaptic and cellular function in the NAc contributing to behavioral sensitization. Interestingly, many of the reported effects of chronic in vivo cocaine exposure would be expected to decrease net excitatory drive to medium spiny neurons (Henry and White, 1991; White et al., 1995; White and Kalivas, 1998; Wolf, 1998; Thomas et al., 2001) , an action that might sensitize the rewarding or incentive value of drugs of abuse (Wise, 1998; Robinson and Berridge, 2000) . 
